Inversions are an integral part of structural variation within species, and they play a leading role in genome reorganization across species. Work at both the cytological and genome sequence levels has revealed heterogeneity in the distribution of inversion breakpoints, with some regions being recurrently used. Breakpoint reuse at the molecular level has mostly been assessed for fixed inversions through genome sequence comparison, and therefore rather broadly. Here, we have identified and sequenced the breakpoints of two polymorphic inversions-E 1 and E 2 that share a breakpoint-in the extant E st and E 1+2 chromosomal arrangements of Drosophila subobscura. The breakpoints are two medium-sized repeated motifs that mediated the inversions by two different mechanisms: E 1 via staggered breaks and subsequent repair and E 2 via repeat-mediated ectopic recombination. The fine delimitation of the shared breakpoint revealed its strict reuse at the molecular level regardless of which was the intermediate arrangement. The occurrence of other rearrangements in the most proximal and distal extended breakpoint regions reveals the broad reuse of these regions. This differential degree of fragility might be related to their sharing the presence outside the inverted region of snoRNA-encoding genes.
Introduction
Comparative genomics has fostered a renewed interest for structural variation both at the interspecific and intraspecific levels, because this variation might be involved in such diverse evolutionary processes as adaptation to changing environments and speciation, but it may also underlie disease. The Drosophila genus has classically been a model for the study of chromosomal variation given the large size and somatic pairing of the polytene chromosomes present in some fly organs (as reviewed in Powell 1997) . In this genus, paracentric inversions have played a major role in reorganizing the gene content of its chromosomal elements on a phylogenetic time scale, and their variation within species has been involved in diverse adaptative processes.
The detailed molecular characterization of inversion breakpoints is a required step to ascertain the mechanisms generating inversions. Among such mechanisms is ectopic recombination between distant inverted copies of transposable elements (Finnegan 1989) , which possibility raised questions on the long accepted monophyly of inversions segregating in natural populations. In Drosophila, the analysis of nucleotide variation in inverted and noninverted chromosomes revealed, however, that most polymorphic inversions detectable at the cytological level (i.e., rather large inversions) have a unique origin (e.g., Aquadro et al. 1991; Rozas and Aguadé 1994; Wesley and Eanes 1994; Wallace et al. 2011) . Moreover, the comparison of genome sequences of three closely related Drosophila species (D. melanogaster, D. simulans, and D. yakuba) revealed the presence of inverted duplications only at the breakpoints of many derived arrangements, suggesting a second mechanism generating inversions via staggered double-strand breaks (Ranz et al. 2007) .
Classical cytological studies of chromosomal polymorphism in the Drosophila genus revealed that inversions are not evenly distributed either among species or among chromosomal arms of a polymorphic species (as reviewed in Sperlich and Pfriem 1986) . The closely related species D. melanogaster and D. simulans are a clear example of this unevenness between species because only natural populations of the former species harbor large cosmopolitan inversions. Drosophila pseudoobscura is, on the other hand, an example of differences in inversion distribution among chromosomes, because inversion polymorphism in this well-studied species is practically limited to chromosomal arm 3 (Muller's element C) and to the sex chromosome. Another aspect that was apparent in these classical studies was the differential clustering of inversion occurrences within a chromosomal arm, with some breakpoints being shared at the cytological level by two or more inversions (Krimbas and Powell 1992; Powell 1997) . Whether these breakpoints are ß The Author 2014. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com also shared at the molecular level remains an open question for polymorphic inversions.
Breakpoints of polymorphic inversions can generally provide more information on originating mechanisms than fixed inversions given the different time scale of their occurrence (i.e., sequences of polymorphic inversions breakpoints are more likely to resemble those in the original inverted chromosome because of the more recent origin of polymorphic than of fixed inversions). In Drosophila, as well as in other taxa, the number of characterized polymorphic inversion breakpoints is, so far, more reduced than that of fixed inversions. Indeed, using classical molecular methods, only five breakpoints of three cosmopolitan inversions-In(2L)t, In(3L)P, and In(3R)Payne-have been sequenced and characterized in the model species D. melanogaster (Wesley and Eanes 1994; Andolfatto et al. 1999; Matzkin et al. 2005) , as well as both breakpoints of three inversions in D. buzzattii (Cáceres et al. 1999; Casals et al. 2003; Delprat et al. 2009 ), and of one inversion in each D. pseudoobscura (Richards et al. 2005 ) and D. subobscura (Papaceit et al. 2013) . Among the generating mechanisms of these inversions is ectopic recombination between transposable elements or other repetitive sequences, as well as staggered double breaks (Ranz et al. 2007 ). More recently, next-generation sequencing of multiple genomes of D. melanogaster has allowed the computational identification and subsequent characterization of the breakpoints of eight inversions, which confirmed the previously detected coexistence in this species of both generating mechanisms (Corbett-Detig et al. 2012) .
The availability of whole-genome sequences in multiple Drosophila species (Clark et al. 2007 ) together with the development of specific algorithms to detect the disruption of syntenic blocks between species has allowed the broad localization of the breakpoints of rearrangements fixed in particular lineages von Grotthuss et al. 2010) . It should be noted that when species with rather large divergence times were included in the analyses, the breakpoints or disruptions were delimited rather imprecisely (e.g., as a disruption between two coding regions in von Grotthuss et al. [2010] ). These studies across the Drosophila genus revealed fragile regions that had undergone multiple synteny disruptions across the Drosophila phylogeny. In most cases, it might be difficult to ascertain whether the clustering of breakpoints in these regions reflect actual breakpoint reuse at the molecular level, given the generally long time elapsed. The resolution to identify reuse at this level improves when only moderately distant species, such as D. melanogaster, D. simulans, and D. yakuba, are included in the analysis. In this case, two independent disruptions at different points of a three-gene interval were identified as breakpoints of one inversion fixed in each the D. melanogaster and D. yakuba lineages (Ranz et al. 2007 ). For two inversions differentiating D. mojavensis and D. buzzatii that share a breakpoint, reuse could be more precisely assessed (Calvete et al. 2012) .
Drosophila subobscura is a good model system to address the above-raised questions concerning the origin of inversions and breakpoint reuse, because this species exhibits a rich chromosomal polymorphism (Krimbas and Powell 1992) with evidence for its adaptive character (Prevosti et al. 1988; Balanyá et al. 2006) . Although all its large acrocentric chromosomes (or Muller's elements) harbor polymorphic inversions, their distribution varies among elements, and in those elements with multiple inversions, it might also vary across their length. In this species, the E chromosome (Muller's element C)-which is among those with a high number of inversions-stands out for presenting a complex system of inversions covering the middle half of the chromosome. In addition, some of these inversions share breakpoints at the cytological level ( fig. 1 ). This complex system that was generated by five inversions (named 1, 2, 9, 3, and 12) includes the most frequent chromosomal arrangements in the Mediterranean area: E st , E 1+2 , E 1+2+9 , E 1+2+9+3 , and E 1+2+9+12 (Krimbas and Loukas 1980; Orengo and Prevosti 1996; Solé et al. 2002) .
In a first effort to characterize polymorphic inversion breakpoints in D. subobscura that share one of their breakpoints, we focused on inversions E 1 and E 2 that differentiate the extant E st and E 1+2 chromosomal arrangements (supplementary fig. S1 , Supplementary Material online). These arrangements occupy a phylogenetic central position relative to the rest of the most frequent polymorphic arrangements. The detailed characterization of the E 1 and E 2 inversion breakpoints will allow not only to ascertain the molecular mechanism generating each inversion but also to establish whether the cytological reuse of one of the breakpoints holds at the molecular level. It might also shed light on the ancestral state of the breakpoint regions and on the pathway connecting the extant chromosomal arrangements E st and E 1+2 .
Results

Identification of Breakpoint Regions by Chromosome Walking
To map the three breakpoints underlying inversions E 1 and E 2 in standard chromosomes (i.e., breakpoints AB, EF, and GH; fig. 1 ), we performed independent chromosome walks for each region using as starting points four recombinant phages-P81, P282, P270, and P51-that had been previously mapped close to these breakpoints (Papaceit et al. 2006 ) ( fig. 1 ). To guide our walk, we first used these phages as probes for in situ hybridization on E st and E 1+2 chromosomes, and then subcloned and partially sequenced them.
Identification of the AB Breakpoint
The P81 marker had been previously mapped on E st chromosomes at section 58D that is near and outside the proximal AB breakpoint located at section 58D/59A (Papaceit et al. 2006) . In situ hybridization of this marker on E 1+2 chromosomes gave a single signal at section 58D, which confirmed its location outside the AB breakpoint ( fig. 1 and supplementary  fig. S2 , Supplementary Material online).
Our partial sequencing of the P81 phage insert and the subsequent sequence comparison to the D. pseudoobscura genome revealed that genes GA15868 and GA11860 are present in the P81 orthologous region. Two probes were designed to start our walk, one at each side of the P81 orthologous region: probes P81_1 and P81_2 ( fig. 1 and supplementary fig. S3 , Supplementary Material online). Probe P81_1 anchored at genes GA24429 and Dpse\HP2 failed to amplify using DNA from the ch cu strain (E st ). In contrast, probe P81_2 could be successfully amplified in this strain. Its in situ hybridization on E 1+2 chromosomes gave a single signal at section 59A that in this arrangement is apart from section 58D (i.e., probe P81_2 is located inside the inverted region; fig.  1 and supplementary table S1, Supplementary Material online). The AB breakpoint is thus flanked by probes P81 and P81_2, which according to the D. pseudoobscura genome sequence would be approximately 50 kb apart.
Three of the ten probes designed in this interval mapped at section 58D and the rest at section 59A ( fig. 1 and supplementary fig. S2 and table S1, Supplementary Material online). Although the breakpoint region could be delimited to the region between probes P81_2c4 and P81_2c5 (i.e., between two contiguous genes in D. pseudoobscura; fig. 1 and supplementary fig. S3 , Supplementary Material online), the probe anchored on both genes-P81_2c-failed to amplify, as also did other probes aimed to amplify the region between both flanking genes. We could further advance in our walk upon The chromosomal fragment affected by inversions E 1 and E 2 is colored in dark gray in contrast to the rest of the chromosome that is colored in light gray. Continuous vertical lines represent the different D. subobscura inversion breakpoints that are labeled consecutively with pairs of capital letters (e.g., AB, CD, EF, and GH) from the most proximal to the most distal breakpoint, with the breakpoints involved in the D. subobscura E 1 and E 2 inversions highlighted in black. Numbers on both sides of each continuous vertical line refer to the inversions delimited by each breakpoint, whereas its location (section) on the Kunze-Mühl and Müller (1958) map is indicated below the breakpoint name. Question marks adjacent to numbers 1 and 2 refer to the two possible pathways connecting E st and E 1+2 (see text and fig. 3 legend) , with plain numbers referring to the pathway represented in the Kunze-Mühl and Müller (1958) map and their italicized forms to their alternative location in this map. Discontinuous vertical lines labeled g1 and g2 refer to the breakpoints of inversions only present in the D. guanche lineage. The location of the four recombinant phage inserts (P81, P282, P270, and P51) relative to breakpoints of inversions E 1 and E 2 on standard chromosomes (AB, EF, and GH) is indicated below the chromosome scheme. (II) Schematic representation of the three chromosome walks performed to identify the AB, EF, and GH breakpoint regions (not at scale). Probes used in the first steps are indicated either by vertical arrows or by horizontal lines above the thick horizontal line representing the D. subobscura chromosome, whereas horizontal lines below the corresponding chromosome indicate those used in the final steps. Only the names of the most informative probes are shown. In each breakpoint region, a thick vertical line represents the breakpoint itself. Probes colored in gray correspond either to probes that did not amplify using DNA from an E st line (crossed out) or to probes that did not map at the breakpoint region. In the case of the AB breakpoint region, the discontinuous lines connecting the upper and lower schemes indicate the initial probes that allowed detecting an inversion that differentiates D. subobscura and D. pseudoobscura. In the case of the EF breakpoint region, walks were initiated from markers P282 and P270 that mapped at different D. pseudoobscura scaffolds (see text), and the arrow connecting the orthologous regions of both scaffolds refers to the proposed location of the smaller scaffold according to our results.
Inversion Breakpoint Reuse in Drosophila . doi:10.1093/molbev/msu177 MBE identifying a contig in the D. subobscura genome draft 0 (Barcelona Subobscura Initiative [BSI] ) that contains probe P81_2c5 and detecting that it exhibited some similarity to the Dpse\HP2 gene region of D. pseudoobscura (supplementary fig. S3 , Supplementary Material online). Because probe P81_1 that was anchored at this gene had failed to amplify, we hypothesized a possible collinearity disruption between D. pseudoobscura and D. subobscura due to an inversion fixed since their split ( fig. 1 and supplementary fig. S3 , Supplementary Material online). The successful amplification of probe P81_2x10 anchored at probe P81_2c5 and gene Dpse/HP2, and its mapping at section 59A supported our hypothesis and led us to design six additional probes to cover the region between the new probe and probe P81 ( fig. 1 and supplementary fig. S3 and table S1, Supplementary Material online). Two probes mapped at section 59A and the rest at section 58D ( fig. 1 and supplementary fig. S2 and table S1, Supplementary Material online), which allowed narrowing down the AB breakpoint and to design a new probe-P81_2x8b-putatively spanning the breakpoint. This probe gave a strong signal at section 58D/ 59A (breakpoint AB) when hybridized on E st chromosomes, and two strong signals at section 58D next to 64B (breakpoint AG) and 59A next to 63A (breakpoint FB) when hybridized on E 1+2 chromosomes (supplementary figs. S1 and S2, Supplementary Material online). It should be noted that this probe (P81_2x8b) gave a secondary much weaker signal at section 59A on both E st and E 1+2 chromosomes (supplementary fig. S2 , Supplementary Material online; see below).
Identification of the EF Breakpoint
Molecular markers P282 and P270 had been previously mapped on E st chromosomes close to the EF inversion breakpoint: at sections 63A and 63B, respectively (Papaceit et al. 2006) . In situ hybridization of these markers on E 1+2 chromosomes showed that the P282 and P270 markers flank the EF breakpoint ( fig. 1 and supplementary figs. S1 and S4, Supplementary Material online). Therefore, according to the cytological map of D. subobscura (Kunze-Mühl and Müller 1958) where the EF breakpoint is located at section 62D/63A, markers P282 and P270 could be reassigned to sections 62D and 63A, respectively ( fig. 1 and supplementary figs. S1 and S4, Supplementary Material online).
Our partial sequencing of the P282 and P270 phage inserts and their subsequent sequence comparison to the D. pseudoobscura and D. melanogaster genomes revealed that 1) the P282 orthologous region in the former species includes the GA21308 and GA21312 genes placed in its chromosome 3 scaffold and 2) the P270 orthologous region is located at one end of the D. pseudoobscura unknown-singleton-1898 scaffold , and its orthologous region in the latter species includes genes CR44465 and CG15615 (supplementary fig. S5 , Supplementary Material online). This led us to initially design one probe at each side of the P282 probe orthologous region and six probes at increasing distance from the P270 probe orthologous region (supplementary fig. S5 , Supplementary Material online). Only one of the former probes (P282_1) mapped at the EF breakpoint region-at section 62D-but further away of the breakpoint than the initial P282 probe ( fig. 1 and supplementary figs. S1 and S5 and table S1, Supplementary Material online), indicating the direction in which to proceed with our walk. Only the five probes proximal to probe P270 mapped, like P270, at section 63A ( fig. 1 and supplementary table S1, Supplementary Material online). Before proceeding further, we placed all probes so far designed, and also the unknownsingleton-1898 scaffold sequence, in the D. persimilis genome (supplementary fig. S5 , Supplementary Material online). They were all in a large apparently contiguous sequence of D. persimilis, with the P270 homologous region lying between the P282 and P282_2 markers and separated by only approximately 80 kb from P282 (supplementary fig. S5 , Supplementary Material online). Five probes were designed in this interval, which allowed narrowing down the breakpoint region and designing a final probe (P282_de) putatively spanning the breakpoint. In situ hybridization of this probe gave a single signal at section 62D/63A on E st chromosomes and two signals at sections 63A next to 59A and 62D next to 64C (breakpoints FB and EH, respectively) on E 1+2 chromosomes ( fig. 1 and supplementary fig. S4 , Supplementary Material online). On the other hand, the in situ hybridization results obtained during this chromosomal walk and the D. pseudoobscura/D. persimilis sequence comparison led us to further experimental work that has allowed incorporating the unknown-singleton-1898 scaffold sequence into that of chromosome 3 (supplementary text, Supplementary Material online).
Identification of the GH Breakpoint
The P51 marker had been previously mapped on E st chromosomes at section 64D/65A (Papaceit et al. 2006 ) that is about two sections outside the distal GH breakpoint at section 64B/64C. In situ hybridization of this marker on E 1+2 chromosomes gave also a single signal at section 64D/65A ( fig. 1  and supplementary fig. S6 , Supplementary Material online), which confirms its location outside the GH breakpoint.
Our partial sequencing of the P51 phage insert and the subsequent sequence comparison to the D. pseudoobscura genome revealed that the P51 orthologous region contains gene GA11639. To guide our chromosome walk, we designed one probe at each side of its homologous region-probes P51_1 and P51_2 ( fig. 1 and supplementary fig. S7 , Supplementary Material online). Because probe P51_1 hybridized closer to the GH breakpoint than probe P51 (supplementary fig. S7 and table S1, Supplementary Material online), two additional and rather spaced probes were initially designed in this direction, and their each giving a single signal at section 64C (i.e., at the H part of the GH breakpoint region; supplementary fig. S7 and table S1, Supplementary Material online) prompted us to design five additional contiguous probes in the same direction (supplementary figs. S6 and S7 and table S1, Supplementary Material online). Although all probes gave a unique signal, only the four proximal probes did at section 64C, with the most distal one mapping at section 69C (i.e., in neither breakpoint section) (supplementary figs. S6 and S7 and table S1, Supplementary Material online). Given the detected break of collinearity between D. pseudoobscura and D. subobscura, we used the D. melanogaster genome sequence to design six new probes upon identifying a contig in the D. subobscura genome draft 0 (BSI) that includes probe P51_4e and also exhibits some similarity to gene CG4975/GA18574 (supplementary fig. S7 , Supplementary Material online). Their in situ hybridizing at section 64C supports the extended collinearity between D. subobscura and D. melanogaster and a new block of collinearity between D. subobscura and D. pseudoobscura, collinearity that breaks down in both cases at the end of the Uhg1 gene orthologous region (supplementary fig. S7 , Supplementary Material online). The availability at that point of the D. subobscura genome draft 1 (BSI) allowed us to identify an approximately 150-kb long contig that contains some probes already used and also a region exhibiting similarity to genes sub/GA24227 and Xbp1/GA30271 (supplementary fig. S7 , Supplementary Material online). We designed a probe anchored at these genes that mapped at section 64B-that is, in the G part of the GH inversion breakpoint region ( fig. 1 and supplementary fig. S6 and table S1, Supplementary Material online). An additional probe was designed to putatively span the breakpoint. Its in situ hybridization on E st chromosomes and E 1+2 chromosomes confirmed our assumption because it gave a single strong signal at the 64B/64C section of E st chromosomes and two strong signals at section 64B next to 58D (breakpoint AG) and section 64C next to 62D (breakpoint EH) of E 1+2 chromosomes (supplementary figs. S1 and S6, Supplementary Material online).
Characterization of the Breakpoint Regions
Upon identification of the breakpoint regions in standard chromosomes, fragments spanning the breakpoints (AB, EF, and GH) were amplified and completely sequenced in the ch cu strain. Fragments spanning the E 1+2 breakpoint regions (AG, FB, and EH) were amplified with the corresponding combination of oligonucleotides (supplementary fig. S8 , Supplementary Material online) and subsequently in situ hybridized on both E st and E 1+2 chromosomes. Detection in each case of one signal on E 1+2 chromosomes and two signals on E st chromosomes confirmed that the amplified fragments include the breakpoints (results not shown). These fragments were completely sequenced in the OF21 strain.
A detailed analysis of all sequenced fragments was performed 1) to delimit the breakpoints through pairwise comparison of the sequenced fragments and 2) to identify genes and repeated motifs. The breakpoints could be delimited in all cases to a stretch that ranged between 400 and 700 bp in the AB, GH, and AG fragments and between 400 and 500 bp in the EF, FB, and EH ( fig. 2 ; see below for details).
The AB breakpoint region (~9.4-kb long) contains the orthologs of the snoRNAs genes GA29824 to GA29818 (i.e., genes encoded in introns of the Uhg5 gene), of genes Nup50 (partial) and coil, and of gene CG12863 (fig. 2) . According to the breakpoint location, the A part of this region (~3.8-kb long) contains the GA29824 to GA29818 snoRNA genes and the B part (~5.2-kb long) genes Nup50 (partial), coil (complete), and CG12863 (partially sequenced). It is worth noting that in neither D. melanogaster nor D. pseudoobscura are the coil and Nup50 genes located in the extended region of collinearity spanning the AB breakpoint (supplementary fig. S3 and results not shown).
The EF breakpoint region comprises an approximately 3.1-kb long intergenic region that in D. pseudoobscura is over 13-kb long and flanked by genes GA21312 (nemy) and GA24280 (supplementary fig. S5, Supplementary Material  online) . According to the breakpoint location, the E part of the EF region is approximately 1.4-kb long and the F part approximately 1.7-kb long.
The GH breakpoint region (~5.6-kb long) was delimited, as predicted from the chromosome walk (supplementary fig. S7 , Supplementary Material online), by the homologs of gene GA24227 and of snoRNAs genes GA29862-GA29852 (i.e., genes encoded in introns of the Uhg1 gene; fig. 2 ). According to the breakpoint location, the G part (~1.6-kb long) of this region contains gene GA24227 (sub), and the H part (~3.6-kb long) the GA29862-GA29852 snoRNA genes.
In the E 1+2 breakpoint regions (AG, FB, and EH), the gene content and order of genes relative to the breakpoint are similar to those in the E st breakpoint regions (AB, EF, and GH), except for the B part of the FB region ( fig. 2) . Changes in this part refer to the number of genes, their length, and orientation relative to the breakpoint ( fig. 2 ). In the FB region, the B part contains genes coil (complete), Nup50 (partial), Socs44A (partial), and CG12863 (partially sequenced).
Pairwise comparison of the six sequenced fragments revealed two motifs initially named a and b that were each present in three of the six breakpoint regions and more specifically at the breakpoints themselves ( fig. 2) . Motifs a and b share their terminal part (d) in inverted orientation. Motif a was present in the same orientation in breakpoint regions AB and AG and in the inverted orientation in breakpoint region GH-in this case lacking the d part. Motif b was present in the same orientation in breakpoint regions EF (partially duplicated) and EH, and in the inverted orientation in breakpoint region FB. The a motif exhibited small fragments with similarity to the previously described SGM element (Miller et al. 2000) , whereas the b motif had no similarity to known TEs. Additional small fragments with similarity to known TEs were found in the proximity of the coil gene in both the AB and FB breakpoint regions ( fig. 2) .
The breakpoint regions were sequenced in three additional strains of D. subobscura (two E st and one E 1+2 ), which allowed detecting that two forms of the a motif are present at the GH junction (with and without the d part) in natural populations. Moreover, in the context of genes coil, Nup50, and Socs44A present at the B part, it allowed establishing that the gene composition, length, and order differ between arrangements (E st and E 1+2 ) but not within arrangement (results not shown).
The AB, EF, and GH breakpoint regions were also amplified and, partially or totally, sequenced in the closely related species D. madeirensis and D. guanche. In both species, amplicons 2335 Inversion Breakpoint Reuse in Drosophila . doi:10.1093/molbev/msu177 MBE had approximately the same size than in D. subobscura, except for the AB amplicon that in D. guanche was approximately 4 kb shorter than in D. subobscura. Sequencing of the AB region in D. guanche and D. madeirensis revealed that, relative to genes coil, Nup50, and Socs44A, the B part of the former species did not contain any of these genes, whereas that of the latter species had the same gene content, length, and order than the D. subobscura E st arrangement. No other gene content differences were detected among the three species of the subobscura subgroup in the EF and GH breakpoint regions.
Discussion
Molecular Data Confirm that E st Is the Ancestral Arrangement in the subobscura Species Group
Previous cytological information comparing the E chromosome of both D. madeirensis and D. guanche to the E st arrangement of D. subobscura revealed that the D. madeirensis E element has the E st arrangement (Papaceit and Prevosti 1991) and that the D. guanche E element differs from the E st arrangement by two species-specific inversions (Moltó et al. 1987) . These results point to the E st arrangement predating the initial split of the subobscura species group (i.e., the D. guanche split). Moreover, our chromosome walk performed on a homokaryotypic D. subobscura E st strain and guided on the D. pseudoobscura genome sequence would support the ancestral character of the E st arrangement in the subobscura species subgroup. Indeed, both the AB and EF breakpoints are within an extended region of synteny between D. subobscura and D. pseudoobscura, as it is also the case for the H part of the GH breakpoint (supplementary figs. S3, S5, and S7, Supplementary Material online; see below).
The AB breakpoint region of both D. subobscura and D. madeirensis differs from that of both D. pseudoobscura and D. guanche by the presence only in the former two species of genes coil and Nup50. This difference suggests the insertion of these genes (and also of Socs44A, see below) in the AB region of the ancestral E st arrangement after the D. guanche/D. subobscura split and prior to the D. madeirensis/D. subobscura split (supplementary fig. S9, I and II, Supplementary Material online). It is worth noting that the Nup50 and Socs44A copies present at either the AB or FB breakpoint regions are, unlike the coil copy, partially or completely deleted.
The three genes inserted at the B part of the FB breakpoint are present as single copy genes in the 12 Drosophila species initially sequenced. In 11 of these species-and therefore most plausibly also in D. subobscura, D. madeirensis, and D. guanche-they are placed together within a relatively large syntenic region of Muller's element C, where they are flanked by genes Pbp49 and Asap1. However, their order in that region (Socs44A-coil-Nup50) differs from that detected at the FB breakpoint of D. subobscura (coil-Nup50-Socs44A). Additionally, in situ hybridization of probes Pbp49 and Asap1 on E st chromosomes of D. subobscura gave in all cases a single signal coincident with the secondary hybridization signal at section 59A detected when the labeled probe included the B region (e.g., the probe spanning the AB breakpoint region; supplementary fig. S2 , Supplementary Material online), which suggests that this is the original location of the intervening Socs44A-coil-Nup50 genes in this species (results not shown). These observations led us to propose the following chronological scenario (supplementary fig. S9 , III, Supplementary Material online) for the initial events affecting both the Socs44A-coil-Nup50 region, and the AB region of D. subobscura: 1) tandem duplication of the region encompassing genes Socs44A-coil-Nup50; 2) transposition (possibly nonreplicative) of a central set of the three genes (coilNup50-Socs44A) to the AB region in the ancestral E st arrangement. After the two initial events previously described, the first inversion of the E 1+2 complex would have occurred. Subsequently, the Nup50 and Socs44A genes would have been partially deleted in this lineage, whereas in the E st lineage, the previously described microinversion of the transposed genes would have occurred, with the deletion of the Nup50 (partial) and Socs44A (complete) genes possibly resulting from the same event.
The partial deletion of the Nup50 gene and the partial or total deletion of the Socs44A gene in the AB and FB breakpoint regions point to their preservation in their original location, which was confirmed by the successful amplification of gene Socs44A on the ch cu (E st ) strain and of fragments anchored at each of the Nup50 and Socs44A genes and their flanking genes (Asap1 and Pbp49, respectively; supplementary fig. S9 , III, Supplementary Material online). Moreover, there is some indication from in situ hybridization results suggesting that the coil gene might be partially deleted in its original location in D. subobscura (supplementary fig. S9 , III, Supplementary Material online). Indeed, two hybridization signals were detected when the coil gene was used as probe (results not shown). These signals were located at the same positions than those of the AB fragment, and the signal at the breakpoint was likewise more intense than the secondary signal corresponding putatively to the original location of the coil gene and of the Nup50 and Socs44A genes (supplementary fig. S9 , Supplementary Material online).
Our data concerning differences at the B part of the AB breakpoint both between species (D. guanche vs. D. subobscura and D. madeirensis) and between chromosomal arrangements (E st and E 1+2 ) confirm both the ancestral character of the E st arrangement and the proposed scenario, indicating that the first inversion leading to the extant E 1+2 arrangement most plausibly occurred prior to the deletion of the Socs44A gene in the AB breakpoint region and, therefore, prior to the D. madeirensis/D. subobscura split.
Origin of Inversions E 1 and E 2 , and Breakpoint Reuse
The identification and sequencing of inversion breakpoint regions in inverted and noninverted chromosomes constitutes the first step toward the identification and characterization of the breakpoints themselves. The subsequent comparison of the breakpoints of a particular inversion can shed light on its mechanism of origin, and in the case of inversions sharing a breakpoint at the cytological level, it can also shed light on the breakpoint reuse. The two major mechanisms underlying the origin of inversions-through ectopic recombination between either transposable elements or other repetitive sequences, and through staggered doublestrand breaks and subsequent repair-require different conditions and leave different footprints. Indeed, for ectopic recombination between two repeats to yield an inversion, repeats (be them transposable elements or not) have to be in opposite orientation. Moreover, the recombinant repeats remain in opposite orientation at the breakpoints of the inverted arrangement, and the inversion process results, therefore, in their presence in both the ancestral and derived arrangements. In the case of staggered breaks, there is no need for similarity between the two breakpoints of an inversion, and the process results in the duplication of the fragment affected by the staggered break, and thus in the presence of one copy present in opposite orientation at each breakpoint of the inverted segment only in the derived arrangement.
In the E 1+2 complex here studied, extant E st and E 1+2 chromosomal arrangements differ by two inversions with one shared breakpoint (supplementary fig. S1 , Supplementary Material online). Because the intermediate arrangement went extinct in D. subobscura, two pathways leading from the ancestral (E st ) to the derived (E 1+2 ) arrangement need to be considered to ascertain both the mechanism of origin of each inversion (E 1 and E 2 ) and which breakpoint was reused ( fig. 3 ). Our comparison of the breakpoint regions in E st and E 1+2 chromosomes revealed one copy of the a motif at each of two breakpoints of the E st arrangement and one copy at only one of these breakpoints in the E 1+2 arrangement, whereas it revealed one copy of the b motif at a single breakpoint of the E st arrangement and one copy at each of two breakpoints in the E 1+2 arrangement ( fig. 3 ). According to these observations, a scenario considering that inversions E 1 and E 2 originated by two different mechanisms seems most plausible, independently of which of these inversions were the intermediate arrangement. Under this scenario, staggered breaks leading to the duplication of the single b motif present at the EF breakpoint would underlie inversion E 1 , and ectopic recombination between the two a motifs present at either breakpoints AB and GH or breakpoints AE and GH would underlie inversion E 2 . If we consider breakpoint reuse, it is clear that reuse at the cytological level has been confirmed at the fine molecular level, because breakpoints have been narrowed down to repeats ranging in size between 400 and 700 bp. Although our analysis indicates a rather strict reuse of either the proximal (AB) or distal (GH) breakpoint depending on which inversion (E 1 or E 2 ) occurred first ( fig. 3) , the breakpoint actually reused cannot be established (see also KunzeMühl and Müller 1958) because we cannot discern between the two pathways represented in figure 3 . Moreover, we cannot completely exclude the unlikely possibility that a single event involving three chromosomal breaks in E st (at the AB, EF, and GH regions), and their subsequent repair, generated the E 1+2 arrangement, which would imply that none of the three breakpoints had been reused.
Fragility of Breakpoint Regions and Breakpoint Reuse in a Phylogenetic Context
There are several aspects that deserve attention concerning the possible fragile character of the studied breakpoint regions. One aspect to be considered is the presence of an Uhg gene at both the most proximal (AB) and most distal (GH) breakpoints and specifically their presence in the external part of the corresponding inversion breakpoint-that is, in the breakpoint part that maintains its location in the E 1+2 arrangement (AG and EH). The multiple snoRNAs resulting from the posttranscriptional processing of the Uhg introns are generally characterized by adopting a secondary structure to fulfill their function. It is easy to envisage that the intronic DNA encoding the different snoRNAs might be prone to generate complex hairpins or cruciform structures that might generate instability and favor double-strand breaks. Indeed, the Uhg1 gene that in D. subobscura flanks the GH breakpoint has been recently shown to also flank the proximal breakpoint of the inversion leading from the Santa Cruz to the Tree Line arrangement in D. pseudoobscura (Schaeffer SW, personal communication) .
Another aspect to be considered refers to the multiple rearrangements having possibly occurred in the moderately recent history (i.e., since the split of the pseudoobscura and subobscura subgroups) of the extended regions spanning the breakpoints of the D. subobscura inversions considered. As revealed by our chromosome walk, the extended AB region underwent the fixation in the subobscura lineage of an approximately 200-kb long inversion, one of which breakpoints is in its B part only approximately 16 kb apart of the breakpoint itself and, thus, of the Uhg5 gene (supplementary fig. S3 , Supplementary Material online). The B part of this region also suffered, as detailed above, the insertion of a three-gene cluster via transposition at a site less than 1 kb apart of the AB breakpoint, the first inversion leading to the E 1+2 arrangement, and a microinversion (supplementary fig. S9, Supplementary Material online) .
In the case of the GH region, and as revealed by our chromosome walk, only its H part (i.e., that flanked by the Uhg1 gene) exhibits a moderately large region of synteny with D. pseudoobscura, with collinearity extending much further with D. melanogaster (supplementary fig. S7 , Supplementary Material online). On the G part, collinearity with both D. pseudoobscura and D. melanogaster breaks at the approximate location of the GH breakpoint itself (i.e., upstream of the Uhg1 gene). Actually, the G part proximal to the breakpoint exhibits homology to two different regions of both the D. melanogaster and D. pseudoobscura genomes (supplementary fig. S7, Supplementary Material online) . The sub gene that at the G part of the GH breakpoint region is the nearest coding region to the breakpoint itself is located in D. melanogaster in the H part extended region of collinearity, more specifically between genes Ir54a and CG10931 at approximately 50 kb of the breakpoint. As revealed by our chromosome walk that is based on the D. pseudoobscura and D. melanogaster genome sequences, genes Ir54a and CG10931 are also located in the proximity of the GH breakpoint in D. subobscura (supplementary fig. S7 , Supplementary  Material online) . Surprisingly, the intervening gene in D. pseudoobscura is not the sub gene but the Lsp2 gene. The most plausible scenario to account for the location of the sub gene in both D. subobscura and D. pseudoobscura would be for it to have been transposed to the breakpoint region in the ancestral subobscura lineage prior to the D. guanche and D. madeirensis splits and to have also undergone an intrachromosomal transposition in the D. pseudoobscura lineage prior to the D. miranda split (results not shown). More extensive analyses indicate that it would have also been involved in an old intrachromosomal rearrangement in the Sophophora subgenus that predated the split of the melanogaster and obscura groups (Puerma E, Orengo DJ, Aguadé M, unpublished data).
Two short repeat motifs-approximately 130-and 320-bp long-were found in the breakpoint regions of the Arrowhead inversion of D. pseudoobscura and also at other collinearity breakpoints between D. melanogaster and D. pseudoobscura (Richards et al. 2005) . The involvement of one of these motifs through repeat-mediated recombination in the origin of the Arrowhead inversion, and possibly also of other inversions fixed in the D. pseudoobscura lineage, led to their being named "breakpoint motifs." Moreover, one of the collinearity breakpoints between D. melanogaster and D. pseudoobscura occurred between the two genes spanning the proximal Arrowhead breakpoint, indicating the broad sense reuse of this breakpoint. Calvete et al. (2012) characterized the breakpoints of a complex rearrangement fixed in the D. buzzatii lineage, with one of its breakpoints shared at the cytological level by the two tandemly arranged inversions. Even if these are old inversions, they could infer its reuse at the molecular level. Moreover, they detected other minor rearrangements associated with one of the fixed inversions, and also that the central and distal breakpoints had been involved in at least one other rearrangement in the Drosophila genus, raising the possibility of these being fragile regions. Papaceit et al. (2013) also found some signals of fragility for the proximal breakpoint region of the polymorphic O 3 inversion of D. subobscura.
Conclusions
Here, we have shown that the breakpoints of inversions E 1 and E 2 are small-to medium-sized repeated motifs and that even if those repeats were involved in their generation, they did through a different mechanism: through staggered double-strand breaks and subsequent repair in one case and through repeat-mediated ectopic recombination in the other case. Moreover, we have shown that the extended breakpoint regions of the two included inversions underlying the E 1+2 inversion complex seem to exhibit different degrees of fragility, with some evidence for fragility in the most proximal (AB) and distal (GH) breakpoint regions. This differential fragility might be related to these regions sharing the presence outside the inverted region of an Uhg gene, which encodes snoRNAs in its introns. Finally, our work has provided molecular evidence for multiple rearrangement events in both these regions, with the degree of reuse ranging from the strict reuse in the case of the polymorphic inversions E 1 and E 2 to the broad reuse in the case of the other detected rearrangements fixed between species.
Materials and Methods
Drosophila Strains
Two D. subobscura strains homokaryotypic for the E chromosome were used to identify the breakpoints of inversions E 1 and E 2 at the molecular level and to sequence the breakpoint regions: one with the E st arrangement (ch cu) and another with the E 1+2 arrangement (OF21). Additional homokaryotypic lines for E st (OF1 and OF28) and E 1+2 (OF74) were used to sequence the breakpoint regions. The OF strains had been obtained through over 13 generations of sibmating from isofemale lines established upon collection in Observatori Fabra (Barcelona, Catalonia, Spain). Also, one highly inbred strain of each D. madeirensis and D. guanche was used for polymerase chain reaction (PCR) amplification and sequencing of the breakpoint regions.
Characterization of Previously Mapped Markers
Four recombinant bacteriophage clones randomly isolated from a D. subobscura genomic library were used as initial molecular markers. These recombinant phages had been previously mapped close to the E 1 and E 2 inversion breakpoints ( fig. 1 ) in the ch cu strain (Papaceit et al. 2006 ). To corroborate their location relative to the breakpoints, we also mapped them on polytene chromosomes of the OF21 strain. To characterize their insert content, phage DNA was purified with the Qiagen Lambda Mini Kit, digested with EcoRI, and the digested fragments shotgun cloned into the pBluescript II SK (Stratagene) vector. Subclones with inserts were identified through PCR amplification with the T3 and T7 universal primers flanking the vector multicloning site. After sequencing the ends of the different subcloned fragments of each phage using the universal primers, the "discontiguous megablast" algorithm (http://flybase.org/blast/, last accessed June 5, 2014) was used to find and delimit the orthologous regions of each phage insert in the D. pseudoobscura and D. melanogaster genomes.
Breakpoint Identification by Chromosome Walking
The delimited orthologous regions of each phage insert were used as the starting point of our effort to locate breakpoints AB, EF, and GH ( fig. 1 ) in the D. subobscura E st arrangement through chromosome walking. Fragments to be used as probes during the walk were generally placed in regions of the D. pseudoobscura genome that are collinear to the D. melanogaster genome, assuming that the collinearity between these distantly related species would be also maintained between the more closely related D. pseudoobscura and D. subobscura. Oligonucleotides for PCR amplification were designed in these regions using D. subobscura sequences whenever available (unpublished data; BSI). In situ hybridization of labeled probes on polytene chromosomes of D. subobscura (see below) allowed walking toward the breakpoints and to eventually cross them. In those cases where the collinearity between D. pseudoobscura and D. subobscura was lost, diverse strategies were used, such as using the D. persimilis and/or D. melanogaster genome as reference genomes.
PCR Amplification, In Situ Hybridization, and Sequencing Probes were amplified by PCR using genomic DNA from either the ch cu strain (with the E st arrangement) or the OF21 strain (with the E 1+2 arrangement) of D. subobscura. Different Taq polymerases (GoTaq DNA polymerase from Promega and TaKaRa DNA polymerase from Takara Bio, Inc.) were used for PCR amplification according to the expected length of the fragment to be amplified.
For in situ hybridization, PCR products were purified by gel-band extraction with the QIAquick kit (Qiagen) and subsequently labeled with biotin-16-dUTP by nick translation. Polytene chromosomes preparations were obtained according to Montgomery et al. (1987) . Prehybridization, hybridization, and detection were performed as previously described (Montgomery et al. 1987) . Probes amplified from ch cu DNA (E st ) were initially only hybridized on E 1+2 chromosomes. However, when collinearity between D. pseudoobscura and D. subobscura was lost during the chromosome walk, probes were additionally hybridized on E st chromosomes to establish their location in D. subobscura. Moreover, probes spanning the breakpoints in each E st and E 1+2 chromosomes were hybridized on both chromosomal arrangements. Digital images at a 400 magnification were obtained using a phase contrast Axioskop 2 Zeiss microscope and a Leica DFC290 camera. Hybridization signals were located on the cytological map of D. subobscura (Kunze-Mühl and Müller 1958) with the standard arrangement for all chromosomes. The location and description of the different fragments used as probes are given in supplementary table S1, Supplementary Material online.
Only fragments spanning inversion breakpoints were sequenced upon their amplification by PCR. Fragments spanning the AB, EF, and GH breakpoints ( fig. 1) were sequenced using primer walking. Fragments spanning the AG, FB, and EH breakpoints were PCR amplified and later sequenced using previously designed oligonucleotides whenever possible (supplementary fig. S8 , Supplementary Material online). Amplicons were purified with MultiScreen PCR (Millipore) and then sequenced with the ABI PRISM version 3.2 cycle sequencing kit (Applied Biosystems) according to manufacturer's conditions. Sequencing products were separated on an ABI PRISM 3730 sequencer. All sequences were obtained on both strands and assembled using the DNASTAR package (Burland 2000) . In those cases where sequences could not be obtained directly from the PCR product, the corresponding amplicons were cloned using the In-Fusion HD Cloning Kit (Clontech Laboratories, Inc., Mountain View, CA). In particular, primer pairs were redesigned adding at their 5 0 -end a 15-bp tail that was complementary to each end of a pBluescript II SK+ (Stratagene) plasmid linearized by double digestion with HindIII and BamHI. Ligation and transformation into "Stellar Competent Cells" were done following the manufacturer's instructions. When possible, PCR amplifications to be cloned were performed with the proofreading Q5 High-Fidelity DNA Polymerase (New England BioLabs, Ipswich, MA). Nevertheless, in some cases, Q5 failed to amplify and TaKaRa had to be used. In these cases, upon partial or complete sequencing of the recombinant plasmid inserts, new PCR amplicons were obtained from genomic DNA and subsequently sequenced, to prevent introducing false variants in our sequence analysis.
Sequences obtained have been deposited in the EMBL/GenBank Data Libraries under accession numbers LK022764-LK022800.
Sequence Analysis
All six breakpoint regions (three on each arrangement) were completely sequenced on both strands and annotated with genes by comparison with the D. pseudoobscura genome of FlyBase using BLAST tools. They were also analyzed with RepeatMasker to identify any repetitive sequences. The six regions were also compared among themselves using the Align Sequences Nucleotide BLAST utility at National Center for Biotechnology Information webpage to identify each breakpoint.
Supplementary Material
Supplementary table S1, figures S1-S9, and text are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
